Activity-dependent synaptic plasticity is a fundamental feature of CNS synapses. Intriguingly, the capacity of synapses to express plastic changes is itself subject to considerable activity-dependent variation, or metaplasticity. These forms of higher order plasticity are important because they may be crucial to maintain synapses within a dynamic functional range. In this study, we asked whether neuronal activity induced in vivo by application of kainate can induce lasting changes in mossy fiber short-and long-term plasticity.
Activity-dependent synaptic plasticity is a fundamental feature of CNS synapses. Intriguingly, the capacity of synapses to express plastic changes is itself subject to considerable activity-dependent variation, or metaplasticity. These forms of higher order plasticity are important because they may be crucial to maintain synapses within a dynamic functional range. In this study, we asked whether neuronal activity induced in vivo by application of kainate can induce lasting changes in mossy fiber short-and long-term plasticity.
Several weeks after kainate-induced status epilepticus, the mossy fiber, but not the associational-commissural pathway, exhibits a marked loss of paired-pulse facilitation, augmentation, and long-term potentiation (LTP). Because the adenylyl cyclase-protein kinase A cascade is involved in mossy fiber LTP induction, we have tested the integrity of this key pathway by pharmacological activation of either adenylyl cyclase or protein kinase A. These treatments resulted in LTP in control, but not in kainate-treated animals, indicating that statusinduced changes occur downstream of protein kinase A. To test whether altered neurotransmitter release might account for these changes, we measured the size of the releasable pool of glutamate in mossy fiber terminals. We find that the size of the releasable pool of glutamate was significantly increased in kainate-treated rats, indicating an increased release probability at the mossy fiber-CA3 synapse.
Therefore, we suggest that lasting changes in neurotransmitter release probability caused by neuronal activity may be a powerful mechanism for metaplasticity that modulates both short-and long-term plasticity in the mossy fiber-CA3 synapse after status epilepticus.
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The ability to modify synaptic strength in an activity-dependent manner, either as long-term depression (LTD) or long-term potentiation (LTP) is a fundamental feature of most CNS synapses. The properties of different forms of LTP in the rodent hippocampus have been exceedingly well studied. A less well studied but particularly intriguing finding is that the capacity of many synapses for plastic changes itself is subject to considerable activitydependent variation, or plasticity. This higher-order plasticity, or metaplasticity, may be important in normal function to keep synapses within a dynamic functional range, thus preventing them from entering states of saturated LTP or LTD (Abraham and Tate, 1997) . In addition, such mechanisms may be invoked in diseases in which high-frequency discharges of hippocampal neurons occur, such as epilepsy. Metaplasticity has been observed experimentally as an inhibition of LTP or change in the frequency threshold between LTP and LTD by previous activation of NMDA receptors (Wang and Wagner, 1999) . Conversely, a facilitation of LTP after metabotropic glutamate receptor activation has been described (Bortolotto et al., 1994; Cohen et al., 1998) . These phenomena have been described at synapses in which LTP is dependent on the activation of NMDA receptors in the postsynaptic neuron, such as at the Schaffer collateral/ commissural-CA1 synapse.
A form of LTP distinct from that observed in the CA1 region can be observed at the mossy fiber-CA3 synapse. At this synapse, LTP induction seems to be independent of postsynaptic depolarization or Ca 2ϩ influx through NMDA receptors (Zalutsky and Nicoll, 1990) , but does seem to require an initial rise in postsynaptic Ca 2ϩ , engaging multiple mechanism other than NMDA receptors, i.e., via voltage-gated Ca 2ϩ channels or intracellular Ca 2ϩ release (Yeckel et al., 1999) . In contrast to LTP induction, the expression or maintenance of fiber LTP seems to involve presynaptic changes in neurotransmitter release (Zalutsky and Nicoll, 1990; Nicoll et al., 1994; Xiang et al., 1994; Nicoll and Malenka, 1995) . Genetic and pharmacological experiments have successfully uncovered some of the signal transduction pathways important in LTP expression, showing that both production of cAMP by the Ca 2ϩ -dependent type 1 adenylyl cyclase (Huang et al., 1994; Villacres et al., 1998) and activation of protein kinase A (Huang et al., 1995; Abel et al., 1997; Castillo et al., 1997) are necessary in the expression of mossy fiber LTP. In addition to unique features of LTP, the mossy fiber synapse characteristically exhibits paired-pulse facilitation to the second of two closely spaced stimuli. Paired-pulse facilitation or augmentation are most probably caused by a presynaptic accumulation of Ca 2ϩ that leads to increased transmitter release (Regehr and Tank, 1991; Regehr et al., 1994; Salin et al., 1996) . Thus, both short-and the expression of long-term plasticity at this synapse involve a change in neurotransmitter release.
In contrast to NMDA receptor-dependent LTP, it is not known whether mossy fiber LTP shows metaplasticity. We have therefore investigated short-and long-term plasticity at the mossy fiber synapse several weeks after status epilepticus induced by kainate application in vivo. Our data indicate that neuronal activity can cause a lasting change in short-and long-term plasticity via an upregulation of neurotransmitter release probability.
MATERIALS AND METHODS
Kainate treatment of rats. Adult male Sprague Dawley rats (30 -31 d; 80 -140 gm) were injected twice with kainic acid (13.0 mg / kg, i.p.) on 2 consecutive days. All animals were observed for a time period of 4 -6 hr after injection. Kainate-treated rats showed an onset of seizure activity 15-20 min after kainic acid administration. Seizures were rated according to the scale of Racine (1972) . Status epilepticus was defined as continuous limbic motor seizures of stage 2 or higher. Eighty percent of the animals showed status epilepticus with bouts of generalized tonicclonic seizures after the second injection lasting for 1-2 hr. Only these animals were used for f urther electrophysiological experiments. After a latent period ranging from 2-3 weeks, spontaneous seizures appeared in these animals. To exclude contamination by short-term seizureassociated effects, rats were killed only after an 8 hr seizure-free period. Both rats injected with saline vehicle or age-matched control rats were used as a control group.
Preparation and recording configuration. Kainate-treated and control rats were decapitated under chloroform anesthesia. The brain was rapidly removed and transferred to ice-cold saline (in mM: NaC l 125.0, KC l 3.0, CaCl 2 2.5, MgC l 2 1.3, Na 2 HPO 4 1.25, NaHC O 3 26.0, and D-glucose 13.0, pH 7.4) bubbled with 95% O 2 and 5% C O 2 . Four hundred micrometer coronal hippocampal slices were prepared with a vibratome (model 1000S; Leica, Wetzlar, Germany) and transferred to an interface chamber where they were continuously superf used with saline of the above composition (1.8 ml /min). The temperature of the recording chamber was maintained at 30°C. Mossy fiber field potentials were recorded in the CA3 stratum lucidum. C are was taken to minimize the contribution of fibers other than mossy fibers to the field EPSPs (fEPSPs) (C laiborne et al., 1993; C astillo et al., 1996) . First, the stimulation electrode was placed at a location in the granule cell layer of the dentate gyrus in which stimulation of the CA3 stratum lucidum produced the maximal antidromic field potentials. Second, the reversal of the waveform as the recording electrode was moved from the stratum lucidum to the stratum radiatum served to define the extent of the mossy fiber input in the CA3 region. Third, the extent of the stratum lucidum was delineated by moving the recording electrode in a direction perpendicular to the CA3 pyramidal cell layer until a reversal of mossy fiber fEPSPs could be observed. Positivities after the mossy fiber fEPSP were minimized because these may reflect contamination by disynaptic excitatory input. In this recording configuration, the application of the group II metabotropic glutamate receptor antagonist ((2S, 2ЈR, 3ЈR)-2-(2Ј,3Ј-dicarboxycyclopropyl) glycine (1 M) that selectively inhibits mossy fiber but not associationalcommissural EPSPs (Yeckel et al., 1999) blocked 86.1 Ϯ 5.6% of the fEPSP (n ϭ 5). In addition, recordings in which the EPSP shape or latency changed markedly after LTP induction were excluded because such changes may also be caused by disynaptic input via associationalcommissural fibers (C laiborne et al., 1993) . In all recordings of mossy fiber responses, 25 M D-APV was added to the saline to block NMDAmediated responses. The associational-commissural input into the CA3 region was stimulated by placing both the stimulation electrode and the recording electrode in the stratum radiatum and omitting D-APV from the bath solution. Stimulation was performed with two 0.1 msec current pulses with an interstimulus interval of 50 msec delivered via a bipolar platinum stimulation electrode at 0.05 Hz. The baseline stimulation strength was adjusted to elicit a fEPSP of ϳ60% of the maximal fEPSP amplitude. LTP in the mossy fiber as well as associational-commissural pathway was elicited with two consecutive tetani (1 sec, 100 Hz each, 10 sec apart) at twice the baseline stimulation intensity. In some experiments, potentiation was elicited by a transient (20 min) application of the adenylyl cyclase activator forskolin (50 M) applied together with the phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (I BMX; 50 M). In these experiments, 25 M APV was applied 10 min before and 40 min after the application of forskolin / I BMX. Field potentials were recorded with borosilicate glass microelectrodes (ϳ 2 M⍀) filled with artificial C SF. Signals were amplified with a field potential amplifier (Charité, Berlin, Germany), filtered at 3 kHz and digitized with a sampling frequency of 10 kHz (I TC -16; Instrutech, Minneola, FL). Data were then transferred to hard disk for off-line analysis with the TI DA for Windows 3.01 acquisition and analysis package (H EK A Elektronik, Lambrecht-Pfalz, Germany). Data were monitored on-line with an oscilloscope (Hameg, Frankf urt, Germany) and a chart recorder (Astro-Med, West Warwick, RI). Data are given as mean Ϯ SEM.
Preparation of synaptosomes. CA3 regions were dissected from the hippocampus of male Sprague Dawley rats (220 -350 gm; Charles River, Sulzfeld, Germany) according to Hortnagl et al. (1991) . Large mossy fiber synaptosomes were prepared as described before (L onart and Südhof, 1998; L onart et al., 1998) . Isolated CA3 regions were manually homogenized in 1 mM MgSO 4 , 0.3 M sucrose, and 15 mM H EPES at pH 7.4 on ice and centrif uged for 10 min at 900 ϫ g. The pellet containing large synaptosomes and nuclei was resuspended in 18% ficoll and 0.3 M sucrose and centrif uged 20 min at 16,000 ϫ g. The supernatant containing the large synaptosomes was diluted 10 times with 0.3 M sucrose and centrif uged 20 min at 15,000 ϫ g. The resulting pellet was resuspended in modified Krebs' buffer composed of (in mM): NaC l 118, KC l 4.8, NaHC O 3 25, K H 2 PO 4 1.2, C aC l 2 1.3, MgSO 4 1.2, D-glucose 11.1, ascorbic acid 0.06, and disodium EDTA 0.03 (equilibrated with 95% O 2 and 5% C O 2 , pH 7.4, 4°C) and kept on ice for 90 min.
Measurement of 3 H-glutamate release. To label the readily releasable glutamate pool, synaptosomes were incubated with 200 nM L-[3,4- 3 H]-glutamic acid (specific activity 44 C i /mmol; N EN, Dreieich, Germany) for 5 min at 35°C. Superf usion was performed as described before (Fink and Göthert, 1992) with modifications. Aliquots of the labeled synaptosomal suspension (final protein content, 363 Ϯ 49 g /ml) were layered on Whatman (Maidstone, UK) GF/ B filters in chambers and superf used with Krebs' buffer at 33°C with a flow rate of 0.8 ml /min continuously equilibrated with 95% O 2 and 5% C O 2 . Ten minutes after the start of superf usion, tritium overflow was stimulated by addition of 0.5 M sucrose to the superf usion buffer for 30 sec administered by a rapidly switching programmable buffer supply system. The superf usate was continuously collected in 1 min fractions. Radioactivity of superf usion fractions and synaptosmes was determined by liquid scintillation counting (Beckman 1801; Beckman Instruments, Fullerton, CA). Tritium efflux was calculated as the fraction of tritium content in the synaptosomes at the beginning of the respective collection period. Basal tritium efflux was assumed to be stable or decline linearly during the fraction collection period. Sucrose stimulation-evoked tritium overflow was calculated by subtracting basal efflux from total overflow and considered to reflect 3 H-glutamate release. In C a 2ϩ -free experiments, C aC l 2 was omitted from the buffer throughout superf usion. Data are given as means Ϯ SEM from five or six experiments, each done five to eight times. For statistical evaluation, a two-tailed paired Student's t test was used, with a significance level of p Ͻ 0.05.
RESULTS

Properties of mossy fiber fEPSPs in the kainate-treated animals
Mossy fiber fEPSPs were elicited with a stimulation electrode placed adjacent to the granule cell layer and a recording electrode placed in the CA3-stratum lucidum (Fig. 1 A) . fEPSP amplitudes increased with stimulation strength in both the kainate and the control group (Fig. 1 A) . Input-output curves were constructed from the average normalized fEPSP amplitudes plotted versus the stimulation intensity (Fig. 1 B) . The input-output curve of the kainate group (n ϭ 11) was shifted toward lower stimulation strengths compared to control animals (n ϭ 8). The maximal amplitude of potentials in the kainate group was not significantly different from those measured in the control group (2.8 Ϯ 1.6 and 2.6 Ϯ 1.3 mV).
Paired-pulse facilitation and augmentation
Paired-pulse facilitation is a form of short-term plasticity that provides a measure of the ability of a chemical synapse to increase transmitter release in response to the second of two closely spaced action potentials. It is thought that this increased trans-mitter release is caused by an intraterminal Ca 2ϩ accumulation that enhances Ca 2ϩ -dependent neurotransmitter release (Regehr and Tank, 1991; Regehr et al., 1994) . When paired-pulse stimulation with an interpulse interval of 50 msec was performed, kainate-treated animals showed markedly less paired-pulse facilitation (kainate-treated animals: 1.91 Ϯ 0.25, n ϭ 9; control animals: 1.36 Ϯ 0.24, n ϭ 11; Fig. 2 A1) . This finding was stable over a wide range of stimulation intensities (Fig. 2 A2) . Similarly, pronounced augmentation was observed in control animals when the mossy fiber-CA3 pathway was stimulated with a stimulus train at 100 Hz, whereas kainate-treated animals showed no augmentation (n ϭ 3 and n ϭ 5, respectively; Fig. 2 B) .
Tetanus-induced changes in synaptic efficacy and paired-pulse facilitation
Next, we have examined the changes in fEPSP slope and pairedpulse facilitation after a high-frequency tetanus applied to the mossy fiber pathway in both control and kainate-treated animals. As expected, after tetanization of the mossy fiber pathway, the fEPSP slope showed significant potentiation in control animals (Fig. 3A1, A2, filled symbols) . Mossy fiber LTP in control animals was accompanied by a reduction in paired-pulse facilitation (Fig.  3B1, B2, filled symbols) . This effect was transient, and pairedpulse facilitation decayed to baseline levels within 30 min (Fig.  3B1, filled symbols) . In marked contrast to control animals, a high-frequency tetanus applied to the mossy fiber pathway resulted in significantly less posttetanic potentiation in kainatetreated animals. In addition, the fEPSP slope decayed to baseline within 40 min after tetanus in kainate-treated animals (Fig. 3A1,   A2 , open symbols). Consistent with this lack of LTP, no changes in paired-pulse facilitation could be observed in kainate-treated rats after tetanic stimulation (Fig. 3B1,B2 , open symbols). As already suggested by the parallel changes in paired-pulse facilitation, LTP, and posttetanic potentiation, these parameters were correlated in control animals ( p Ͻ 0.01). Thus, in this group the amount of paired-pulse facilitation or posttetanic potentiation is predictive of the amount of LTP that can be induced at the mossy fiber-CA3 synapse [ Fig. 4 A1, A2 , open symbols (kainate-treated animals), filled symbols, (control animals)].
The changes in paired-pulse facilitation and LTP were specific to the mossy fiber pathway, because LTP induced at the associational-commissural pathway in the absence of DAPV was not different in kainate-treated (135 Ϯ 22%; n ϭ 6) compared to control animals (126 Ϯ 11% of baseline fEPSP slope; n ϭ 4; Fig.  5A1, A2) . Thus, the observed changes in short-and long-term plasticity seemed to be confined to the mossy fiber-CA3 synapse.
Induction of potentiation by pharmacological activation of adenylyl cyclase or protein kinase A
Next, we have directly activated key enzymes important in the induction of mossy fiber LTP. A large body of evidence suggests that the adenylyl cyclase-protein kinase A pathway is important in the expression of mossy fiber LTP (Huang et al., 1994; Weisskopf et al., 1994; Huang et al., 1995; Abel et al., 1997; Villacres et al., 1998) . First, we have therefore directly raised the intraterminal cAMP concentration by applying the adenylyl cyclase activator (Huang et al., 1994; Weisskopf et al., 1994) . This manipulation circumvents the steps preceding activation of adenylyl cyclase otherwise necessary in LTP induction. Application of forskolin/IBMX led to a pronounced potentiation of the fEPSP slope in control animals and a much smaller potentiation in kainate-treated animals within 20 -25 min (486 Ϯ 118 and 334 Ϯ 58% of baseline fEPSP slope, respectively; Fig. 6 A1,A2 ). In the kainate group, the potentiation decayed to baseline levels (95 Ϯ 21%; n ϭ 6) within 2 hr (Fig.  6 A1, right panel, A2, open symbols) . In control animals, the potentiation showed a very slow decay before stabilizing 3 hr after washout of forskolin/IBMX at 188 Ϯ 58% of the baseline fEPSP slope (n ϭ 8; Fig. 6 A1, left panel, A2, filled symbols) . Similar to LTP, the paired-pulse facilitation was not altered significantly in the kainate-treated rats by application of forskolin/IBMX, although a prominent reduction in paired-pulse facilitation could be observed in control animals (data not shown). As described previously (Huang et al., 1994) , pharmacologically induced potentiation largely occluded subsequent LTP induced by tetanic stimulation (100 Hz, 1 sec; Fig. 6 A2) .
Next, we have performed a similar experiment using the protein kinase A agonist spcAMPs. After an initial depression probably caused by activation of adenosine receptors (Frey et al., 1993; Huang et al., 1994; Weisskopf et al., 1994) , activation of protein kinase A led to a slow increase in the fEPSP slope that persisted for up to 4 hr in control animals (260 Ϯ 104% of baseline fEPSP slope; n ϭ 6; Fig. 7A1,A2, filled symbols) . No change in fEPSP slope could be observed in kainate-treated animals (105 Ϯ 20% of baseline fEPSP slope; n ϭ 5; Fig. 7A1,A2, open symbols) . These experiments suggest to us that signal transduction elements downstream from the activation of protein kinase A must be altered in chronic epilepsy.
Measurement of the readily releasable pool of glutamate
So far, the results presented here are compatible with a presynaptic increase in release probability in the kainate model of epilepsy, resulting in a reduced propensity to increase transmitter release in response to various pharmacological and electrophysiological stimulation protocols. It has been experimentally shown in different central synapses that the size of the readily releasable pool of glutamate correlates with the release probability of these synapses (Rosenmund and Stevens, 1996; Dobrunz and Stevens, 1997) . Therefore, an increase in the release probability in kainate-treated animals should also lead to an increase in the size of the readily releasable pool. To test this hypothesis, we have compared the size of the readily releasable pool of glutamate in kainate-treated and control animals. For this purpose, we have isolated mossy fiber synaptosomes and induced glutamate release by a short application of hypertonic sucrose . Basal tritium efflux from large CA3 synaptosomes was stable before sucrose stimulation period (0.037 Ϯ 0.0034/min; corresponding to 1.88 Ϯ 0.17 nCi). In synaptosomes from control rats, brief application of sucrose induced a release of 12.49 Ϯ 0.54% of 3 H-glutamate content that was increased by 18.9% (n ϭ 6; p Ͻ 0.02) in kainate-treated rats (Fig. 8 A) . Similar to intact synapses (Rosenmund and Stevens, 1996) , release induced by application of hyperosmolar sucrose was completely independent of Ca 2ϩ influx, and the difference between kainate-treated and control animals persisted after removal of Ca 2ϩ from the extracellular solution (controls, 12.81 Ϯ 1.33%; kainate-treated rats, increase by 16.8%; n ϭ 5; p Ͻ 0.01; Fig. 8 B) .
DISCUSSION
Synaptic plasticity is an ubiquitous feature of most CNS synapses that permits synapses to retain a trace of previous activity. It has been suggested that synaptic plasticity itself must be subject to regulation to prevent synapses from entering states of saturated LTP or LTD (Abraham and Tate, 1997) . In this study, we have asked whether intense neuronal activity induced in vivo by application of kainate leads to long-term changes in short-or longterm plasticity at the mossy fiber synapse. We find that pairedpulse facilitation and augmentation, as well as different forms of LTP, are potently reduced several weeks after kainate-induced status epilepticus. These changes are specific to the mossy fiber pathway and do not affect the associational-commissural input onto CA3 neurons. The common mechanism that underlies these changes may be an increased release probability of the mossy fiber-CA3 synapse. The release probability of CNS synapses has been suggested to strongly influence both the capacity of CNS synapses to express frequency-dependent short-term modifications as well as LTP. In the CA1 region, synapses showing a low initial probability of release show LTP, whereas synapses with a high initial probability of release do not (Larkman et al., 1992) . Similarly, release probability seems to be inversely related to paired-pulse facilitation (Debanne et al., 1996) . This suggests that processes that alter the initial setting of the presynaptic release mechanism are important in determining whether short-term plasticity as well as LTP can be expressed. The lasting modification of release probability could be a particularly powerful mechanism for metaplasticity in mossy fiber synapses, in which both short-and long-term synaptic plasticity invoke modifications of neurotransmitter release. For instance, it is thought that paired-pulse facilitation at this synapse is caused by an intraterminal Ca 2ϩ accumulation that enhances Ca 2ϩ -dependent neurotransmitter release (Regehr et al., 1994) . Likewise, the expression of mossy fiber LTP seems to rely primarily on presynaptic processes (Zalutsky and Nicoll, 1990; Nicoll et al., 1994; Xiang et al., 1994; Nicoll and Malenka, 1995) .
That neuronal activity during status epilepticus leads to a long-lasting modification of release probability in mossy fiber synapses is suggested by the following key findings. First, pairedpulse facilitation, which is thought to reflect the capacity of mossy fiber-CA3 synapses to increase neurotransmitter release to the second to two closely spaced stimuli is reduced. Concomitantly, the potential to express LTP, which also relies on increased transmitter release, is severely diminished, and the transient decrease in paired-pulse facilitation after LTP induction eliminated. In addition, direct activation of either adenylyl cyclase or protein kinase A caused potentiation in control animals but not in kainate-treated animals. Activation of both enzymes is thought to alter synaptic transmission via a change in neurotransmitter release (Chavez-Noriega and Stevens, 1994; Trudeau et al., 1996) , even though activation of postsynaptic protein kinase A may be necessary for full expression of LTP at the mossy fiber synapse (Yeckel et al., 1999) . Taken together, these data indicate that status epilepticus results in a reduced propensity to increase mossy fiber transmitter release in response to various pharmacological and electrophysiological stimulation protocols, a finding that would be consistent with a chronically increased neurotransmitter release probability. A direct measurement of the relative size of the readily releasable pool of glutamate shows an increase in kainatetreated animals. Because the size of the readily releasable glutamate pool correlates with release probability in hippocampal synapses (Rosenmund and Stevens, 1996; Dobrunz and Stevens, 1997) , this result also supports the idea that release probability at the mossy fiber-CA3 synapse is increased. Changes in release properties after kainate-induced status epilepticus have also been observed for GABAergic synapses in the hippocampal CA1 region. In these synapses, quantal GABA release is deficient (Hirsch et al., 1999) . That GABAergic synapses show deficient quantal release, in contrast to increased release in mossy fiber-CA3 synapses and unchanged properties of the associationalcommissural-CA3 synapse, illustrates that plastic changes in the release properties of synapses are highly specific to individual synapse types.
The changes in paired-pulse facilitation could be observed several weeks after kainate-induced status epilepticus, and after a seizure-free period of at least 8 hr. This is in marked contrast to changes in paired-pulse facilitation seen after induction of LTP, which are only transient (Regehr and Tank, 1991; Huang et al., 1994) . It has been proposed that the expression of late LTP in the mossy fiber-CA3 synapse invokes either (1) the recruitment of novel synapses or active zones with normal paired-pulse facilitation, or (2) stable postsynaptic changes that do not interfere with paired-pulse plasticity (Huang et al., 1994) . In this respect, the kainate-induced change in presynaptic function is distinct from the induction of LTP.
Interestingly, mutant mice lacking the Ca 2ϩ -binding protein calbindin-D 28k in presynaptic mossy fiber terminals also show reduced facilitation and frequency potentiation in the mossy fiber-CA3 synapse (Klapstein et al., 1998) . This Ca 2ϩ -binding protein is also lost in the kainate model of epilepsy (Yang et al., 1997) . The evidence from mutant mice suggests that chronically impaired presynaptic Ca 2ϩ homeostasis within mossy fiber terminals may be sufficient to lead to a long-term change in release probability. Alternatively, the altered properties of mossy fiber to CA3 synaptic transmission may be related to synaptic sprouting of mossy fibers in kainate-treated animals. In these animals, novel Figure 6 . Long-lasting potentiation of mossy fiber fEPSPs by application of forskolin/IBMX. A1, Representative examples of mossy fiber fEPSPs at the time points indicated by the lowercase letters in Figure 5A2 . A2, Long-lasting potentiation of fEPSP slope after transient (20 min, horizontal bar) application of the adenylyl cyclase agonist forskolin (50 M) together with the phosphodiesterase inhibitor IBMX (50 M). fEPSP slope in kainate-treated animals (open symbols) decayed to baseline within 2 hr, whereas the fEPSP slope reached stable potentiation after ϳ4 hr. Three hours (kainate-treated animals) or 5.5 hr (control animals, filled symbols) after initiating forskolin/IBMX perfusion, a 100 Hz, 1 sec tetanic stimulation was applied to the mossy fiber bundle to demonstrate occlusion of tetanus-induced LTP. For the sake of clarity, the application of a tetanus in kainate-treated animals is displayed at the time point of tetanus application in control animals. No further potentiation could be elicited by tetanization in either group. Figure 6 A2. A2, Long-lasting potentiation of fEPSP slope after transient (20 min, horizontal bar) application of the cAMP analog Sp-cAMPS (50 M). fEPSP slope in kainate-treated animals (open symbols) and control animals ( filled symbols) was determined. After 4 hr, a 100 Hz, 1 sec tetanic stimulation was applied to the mossy fiber bundle to demonstrate occlusion of tetanus-induced LTP. synaptic contacts are formed by aberrant mossy fiber collaterals onto CA3 neurons and the proximal dendrites of dentate granule neurons. These novel synapses might conceivably show decreased short-and long-term plasticity.
Irrespective of the reasons for the change in mossy fiber synaptic transmission, we suggest that altered release probability may profoundly affect the input-output properties of the CA3 region. In the cortex, altered release probability of synapses between cortical neurons results in a redistribution of synaptic efficacy during individual synaptic events in a train (Tsodyks and Markram, 1997) . According to these authors, one consequence of saturated release probability would be that the extent to which rate coding is possible would be diminished. In addition, synaptic connections showing a low release probability with a high degree of paired-pulse facilitation are highly effective in transmitting high-frequency bursts (Lisman, 1997) , a property that would be considerably altered in mossy fiber-CA3 synapses after status epilepticus. It remains to be seen whether more physiological forms of neuronal activity can also cause changes of release probability similar to those seen here. However, these data indicate that lasting changes in neurotransmitter release probability caused by neuronal activity may be a powerful mechanism for metaplasticity that modulates both short-and long-term plasticity in the mossy fiber-CA3 synapse. (Fig. 8 A) or Ca 2ϩ -free (Fig. 8 B) Krebs' buffer were exposed for 30 sec to 0.5 M sucrose (horizontal bars).
3 H-Glutamate release traces represent percentage of the total 3 H-glutamate present in the synaptosomes at the beginning of the respective collection period. Inserts show the area-under-the-curve of the respective traces in percentages of the controls (con) without kainate treatment.
